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Abstract Atlantic multidecadal variability (AMV) is known to impact climate globally, and knowledge
about the persistence of AMV is important for understanding past and future climate variability, as well as
modeling and assessing climate impacts. The short observational data do not signiﬁcantly resolve multidecadal
variability, but recent paleoproxy reconstructions show multidecadal variability in North Atlantic temperature
prior to the instrumental record. However, most of these reconstructions are land-based, not necessarily
representing sea surface temperature. Proxy records are also subject to dating errors and microenvironmental
effects. We extend the record of AMV 90 years past the instrumental record using principle component analysis
of ﬁve marine-based proxy records to identify the leading mode of variability. The ﬁrst principal component
is consistent with the observed AMV, and multidecadal variability seems to persist prior to the instrumental
record. Thus, we demonstrate that reconstructions of past Atlantic low-frequency variability can be improved
by combining marine-based proxies.
1. Introduction
In this study we reconstruct the Atlantic multidecadal variability (AMV) by combining several marine-based
proxy records from the North Atlantic region. During the instrumental period, North Atlantic sea surface
temperature (SST) has undergone pronounced basin-wide ﬂuctuations, with warm and cold periods of 3–4
decades each. These variations are referred to as AMV or the Atlantic Multidecadal Oscillation [e.g., Enﬁeld et al.,
2001]. Studies suggest that the AMV is important for climate variability globally and has been connected to
several regional climate signals. The AMV can, for instance, affect European and North American climate [e.g.,
Sutton and Hodson, 2005; Wyatt et al., 2012], the frequency of Atlantic hurricanes [e.g., Goldenberg et al., 2001],
and Arctic sea ice cover [e.g., Kinnard et al., 2011;Miles et al., 2014]. It has also been linked to changes in rainfall
in the African Sahel [e.g., Zhang and Delworth, 2006; Wang et al., 2012], as well as the South Asian summer
monsoon [e.g., Goswami et al., 2006].
Whether the AMV is a persistent mode of internal variability is still disputed [Kilbourne et al., 2008;
Knudsen et al., 2011]. Ocean temperature data are limited to the last 140 years by instrumental records,
and the data are spatiotemporally lacking before 1950 [Smith and Reynolds, 2003]. The relatively short
instrumental SST record can therefore only capture 1–2 cycles of AMV, and is too short to conﬁdently
study natural low-frequency variability.
High-resolution climate reconstructions based on long-lived marine biota, for instance, tropical corals,
bivalve mollusks, and coralline algae, can help reconstruct SST prior to the instrumental era [Jones et al., 2001;
Wanamaker et al., 2011; Hetzinger et al., 2012]. With such reconstructions we can investigate whether
multidecadal variability of Atlantic SST is a persistent feature of the Atlantic climate. Alternative tools for
studying AMV are climate models. However, state-of-the-art climate models simulate a wide range of variability
because of large uncertainties in the underlying processes [Medhaug and Furevik, 2011; Ba et al., 2014].
While here we reconstruct the AMV using marine-based proxies, previous reconstructions of the AMV have
mainly used land-based proxies, such as tree rings [e.g., Gray et al., 2004; Mann et al., 2009]. Many of these
land-based reconstructions have also used records from regions far from the Atlantic Ocean, in noncoastal
areas. How the low-frequency variability in SST is related to atmospheric temperatures is, however, not
clear. The relationship between SST and tree ring proxies seems strong for the instrumental era, but this
relationship may not be stable [D’Arrigo et al., 2008; Vásquez-Bedoya et al., 2012]. Therefore, we investigate
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low-frequency variability of North Atlantic SST using marine-based proxies, as these are a more direct measure
of SST compared to land-based proxies.
There are several annual-resolution marine-based proxy records that capture the AMV signal [e.g., Hetzinger
et al., 2008; Kilbourne et al., 2008; Saenger et al., 2009; Halfar et al., 2011]. Many of these proxy records are
relatively short, not extending past the instrumental era, but their consistency with the instrumental record
indicates that these types of records can be used to reconstruct past SST. However, individual records will
be subject to sampling and dating errors as well as microenvironmental effects. Principle component analysis
(PCA) can be used to reduce these uncertainties by extracting the leading patterns of variability [Storch and
Zwiers, 2002]. While this method is common for land-based proxies, its application tomarine-based proxies has
been limited [Ault et al., 2009]. Here we successfully apply this method to reconstruct AMV 90 years past the
instrumental data period.
2. Data and Method
We analyze ﬁve publishedmarine-based proxy records from the North Atlantic sector (Table 1). These records
are chosen on the basis that they all have annual resolution, are longer than the instrumental record, and
are proxies for SST. The proxy records stem from massive-growing tropical coral colonies. Two of the records
are based on growth [Saenger et al., 2009; Vásquez-Bedoya et al., 2012], two are based on the Sr/Ca ratios
[Goodkin et al., 2005; Kilbourne et al., 2008], and one is based on the skeletal δ18O composition [Swart et al., 1996].
The locations of these proxy records are illustrated in Figure 1a, and their properties are summarized in Table S1.
The records used in the analysis are all from the western tropical Atlantic. Cooler temperatures in the eastern
Atlantic lead to slower coral growth rates, hampering the formation of large and long-lived colonies of massive
growing coral. Thus, no long-term coral-based proxies exist at the moment from the eastern Atlantic, as
well as at higher latitudes.
The ﬁve coral records from the tropical Atlantic are combined with PCA, where the individual records have
been detrended and normalized prior to the analysis. Combining these records gives us an overlapping
time span of 206 years from 1781 to 1986. For validation of our AMV reconstruction we compare our results
with the SST data from Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST) [Rayner et al.,
2003]. We also compare our results with two other AMV reconstructions [Gray et al., 2004; Mann et al., 2009].
Both these records are multiproxy reconstructions, but neither focuses on marine proxies. The reconstruction
from Gray et al. [2004] is composed of 12 tree ring chronologies located in North America, Europe, and
the Middle East between 30°N and 70°N [Gray et al., 2004]. Although the reconstruction from Mann et al.
[2009], which is composed of several different types of records, includes some marine records from the
North Atlantic, none of them has continuous annual resolution [Mann et al., 2009].
3. Results and Discussion
The ﬁrst principal component (PC1) from the PCA explains 32% of the variance in the records and exhibits a
close correspondence to the observed AMV-index (Figure 1b). The AMV-index is deﬁned as the detrended
and normalized annual averaged low-frequency (11 year running mean) Atlantic SST averaged over the
region 0–60°N and 75°W–7.5°W [Enﬁeld et al., 2001;Wyatt et al., 2012]. The time series of PC1 is consistent with
Table 1. Loadings on PC1 for the Proxy Records and the Correlation With the AMV-Indexa
Reference Loadings on PC1 Correlation at Zero Lag Maximum Correlation Lag Year
Goodkin et al. [2005] 0.48 0.31 0.31 0
Kilbourne et al. [2008] 0.05 0.07 0.15 9
Saenger et al. [2009] 0.45 0.30 0.43 7
Swart et al. [1996] 0.28 0.07 0.21 9
Vásquez-Bedoya et al. [2012] 0.70 0.56 0.57 3
Composite 0.52 0.52 0
AMV from Gray et al. [2004] 0.57 0.61 3
AMV from Mann et al. [2009] 0.57 0.59 2
PC1 0.53 0.57 3
aThe correlation with the AMV-index is calculated for the included proxy records, the composite of the proxy records,
the AMV reconstruction from Gray et al. [2004] and Mann et al. [2009], and PC1, for the period 1871–1986.
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the instrumental SST record from the Atlantic with warm periods from 1860 to 1890 and 1940 to 1970, and a
cold period from 1900 to 1930. The time series have a correlation of 0.53 at a zero lag. This and other
correlations discussed below are summarized in Table 1. PC1 captures an additional cold period in the 1930s
that is not present in the observed AMV-index. This cooling is present in four out of the ﬁve proxy records
included in our analysis, suggesting that this cold period is a tropical signal. However, this cooling is not
present in the observed records for the western tropical Atlantic. Prior to the instrumental record, PC1 has a
cold period from 1820 to 1860 and a warm period from the beginning of the record (1781) to 1820. When we
repeat the PCA for the ﬁve coral records without detrending the records ﬁrst, PC1, now explaining 35% of the
variability, captures the same periodicity and timing of warm and cold periods as for the detrended records
(not shown). In addition, there is a positive linear trend. PC1 provides evidence that the multidecadal
variability in Atlantic SSTs may have persisted prior to the instrumental record.
PC1 is also comparable to the AMV
reconstruction from both Gray et al.
[2004] (G04) andMann et al. [2009] (M09),
but the reconstructions are somewhat
displaced in time (Figure 2). For instance,
the ﬁrst warm period in the beginning of
PC1 ends later than the corresponding
warm period in the land-based
reconstructions; hence, the cold period that
lasts until about 1860 starts later in PC1
(Figure 1b). The cross correlation between
PC1 and the AMV reconstruction from Gray
et al. [2004] has a maximum value of 0.44
when PC1 lags the reconstruction by
11years. At a zero lag the correlation is
0.26. The cross correlation between PC1
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Figure 1. (a) Correlation between PC1 and annually averaged observed SST (HadISST), showing only values at a 95% conﬁdence
level for the effective degrees of freedom. Blue dots indicate the sampling sites. (b) PC1 (solid black line) and the AMV-index from
HadISST data (dashed blue line).
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Figure 2. Normalized decadally ﬁltered PC1 (solid black line), AMV
reconstructions from Gray et al. [2004] (G04, red line) and Mann et al.
[2009] (M09, orange line), and the AMV-index from HadlSST data
(dashed blue line).
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and the AMV reconstruction from Mann et al. [2009] has a maximum value of 0.39 when PC1 lags the
reconstruction by 12years. At a zero lag the correlation between PC1 and the reconstruction from Mann et al.
[2009] is 0.33, slightly higher than that for the reconstruction from Gray et al. [2004]. The lags are similar
when the reconstructions are 10 year low-pass ﬁltered, as seen in Figure 2.
A signiﬁcant positive correlation between PC1 and the observed SST is found for the whole tropical North
Atlantic (Figure 1a). The same correlation pattern is found for PC1 with the records not detrended prior to the
analysis (not shown). The highest correlations are found in the tropics in the region where the corals are
situated. This bias in the location of the coral records may distort our results, with PC1 capturing a tropical
rather than an extratropical North Atlantic signal. The correlation of PC1 with observed North Atlantic SSTs
averaged over the tropics (0–30°N, 75°W–7.5°W) and the subtropics (30–60°N, 75°W–7.5°W) are 0.59 and
0.47, respectively. The correlation of PC1 with observed North Atlantic SSTs averaged over western (0–60°N,
75°W–45°W) and eastern (0–60°N, 45°W–7.5°W) North Atlantic are 0.53 and 0.52, respectively. The
correlation between the 10 year low-pass ﬁltered PC1 and observed SSTs show a similar pattern; however,
the correlations are lower (see Figure S1 in the supporting information). We do not see such a strong
tropical bias in the correlation pattern between the other two land-based multiproxy AMV reconstructions
and observed Atlantic SST (Figure S1). For the observed SSTs, correlations are also high in the tropics;
however, there are also high correlations in the subtropics that are not visible in the correlation with PC1
(Figure S2). The observed SST pattern is also subject to uncertainty [Alexander et al., 2013], and in particular
the patterns for the period prior to and following the 1940s differ markedly (Figure S2). Interestingly, the
pattern prior to the 1940s resembles that associated with PC1.
Correlations between the observed AMV-index from HadISST with each individual proxy record, the
composite of the records, the two land-based AMV reconstructions [Gray et al., 2004; Mann et al., 2009], and
PC1 is given in Table 1. The correlation with PC1 is 0.57 and is higher than the correlation with any of the
individual proxy records alone, except for the record from Vásquez-Bedoya et al. [2012]. This gives indications
that PC1 is an improved reconstruction of AMV compared to individual proxy records. The correlations for the
observed AMV-index with the two AMV reconstructions from Gray et al. [2004] and Mann et al. [2009] are
slightly higher than for the correlation with PC1. This might be because these reconstructions have been
calibrated to the observed SST ﬁeld [Gray et al., 2004; Mann et al., 2009]. In addition, the 12 tree ring
chronologies used in the reconstruction from Gray et al. [2004] have been chosen due to their strong link to
Atlantic SSTs in the observational record.
PC1 is the optimally weighted average of the records, with loadings given in Table 1, while a composite is
a simple average of the proxy records. Thus, PCA extracts the common variability in the proxy records, and
can act as a ﬁlter to eliminate higher frequencies of variability. The correlation of the observed AMV-index
with PC1 is equal to the correlation of the observed index with the composite (unweighted average) of
the proxy records, and PC1 is not necessarily an improved AMV reconstruction compared to the composite.
Nevertheless, PCA may give more reliable results than an unweighted average because PCA allows some
records to be lightly weighted or even negatively weighted.
When working with proxy records, there is always the possibility that the proxy may not actually be reﬂecting
the variable of interest. In our study we are interested in temperature, but the marine-based proxies may
also be inﬂuenced by, for instance, salinity. However, we ﬁnd that our reconstruction is able to successfully
reproduce the variability seen in the instrumental SST record, and also by combining several records using
PCA we may be able to extract the SST signal as a dominant mode of low-frequency variability.
4. Conclusion
Here we propose a different method for reconstructing low-frequency variability in North Atlantic SST based
on records from long-lived marine biota. We combine several annual resolution marine-based proxy records,
extending 90 years further back in time than the instrumental record, with PCA to extract the low-frequency
variability and limit microenvironmental effects and sampling errors. We ﬁnd that PC1 is consistent with
the observed AMV, and that the AMV persists throughout the record. This suggests that our method is
able to capture the Atlantic low-frequency variability, and we conclude that this method is adequate for
reconstructing SST on multidecadal timescales.
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We ﬁnd a discrepancy in the timing of the variability between our marine-based reconstruction and other
land-based multiproxy AMV reconstructions, with the land-based AMV reconstructions leading 11–12 years
to the marine-based reconstruction, indicating that we have to be careful about using proxies for
reconstructing multidecadal SST variability in the Atlantic. There are also discrepancies related to the location
of the proxies used. For our marine-based reconstruction we ﬁnd higher correlations in the tropics and an
additional cold period in the late 1930s. These discrepancies reﬂect differences in using proxies from high
and low latitudes and of various types, as well as errors and uncertainties in the records. However, there are at
present relatively few high-resolution long marine proxy records from the Atlantic sector, and the existing
records are mainly from the tropics. Longer marine records, including records from the subtropics, are
needed to reconstruct the AMV even further back in time. Additional high-resolution marine-based proxy
records will also improve the conﬁdence in AMV reconstructions, and will help constrain climate models and
in turn predictions. Such reconstructions can also be used to investigate the persistence of observed AMV
teleconnections. This record is freely available for use.
References
Alexander, M. A., K. H. Kilbourne, and J. A. Nye (2013), Climate variability during warm and cold phases of the Atlantic Multidecadal Oscillation
(AMO), 1871–2008, J. Mar. Syst., doi:10.1016/j.jmarsys.2013.07.017.
Ault, T. R., J. E. Cole, M. N. Evans, H. Barnett, N. J. Abram, A. W. Tudhope, and B. K. Linsley (2009), Intensiﬁed decadal variability in tropical
climate during the late 19th century, Geophys. Res. Lett., 36, L08602, doi:10.1029/2008GL036924.
Ba, J., et al. (2014), A multi-model comparison for Atlantic multidecadal variability, Clim. Dyn., doi:10.1007/s00382-014-2056-1.
D’Arrigo, R., R. Wilson, B. Liepert, and P. Cherubini (2008), On the ’Divergence Problem’ in Northern Forests: A review of the tree-ring evidence
and possible causes, Global Planet. Change, 60(3-4), 289–305, doi:10.1016/j.gloplacha.2007.03.004.
Enﬁeld, D. B., A. M. Mestas-Nunez, and P. J. Trimble (2001), The Atlantic multidecadal oscillation and its relation to rainfall and river ﬂows in
the continental US, Geophys. Res. Lett., 28(10), 2077–2080.
Goldenberg, S. B., C. W. Landsea, A. M. Mestas-Nunez, and W. M. Gray (2001), The recent increase in Atlantic hurricane activity: Causes and
implications, Science, 293(5529), 474–479, doi:10.1126/science.1060040.
Goodkin, N. F., K. A. Hughen, A. L. Cohen, and S. R. Smith (2005), Record of Little Ice Age sea surface temperatures at Bermuda using a growth-
dependent calibration of coral Sr/Ca, Paleoceanography, 20, PA4016, doi:10.1029/2005PA001140.
Goswami, B. N., M. S. Madhusoodanan, C. P. Neema, and D. Sengupta (2006), A physical mechanism for North Atlantic SST inﬂuence on the
Indian summer monsoon, Geophys. Res. Lett., 33, L02706, doi:10.1029/2005GL024803.
Gray, S. T., L. J. Graumlich, J. L. Betancourt, and G. T. Pederson (2004), A tree-ring based reconstruction of the Atlantic Multidecadal Oscillation
since 1567 AD, Geophys. Res. Lett., 31, L12205, doi:10.1029/2004GL019932.
Halfar, J., S. Hetzinger, W. Adey, T. Zack, G. Gamboa, B. Kunz, B. Williams, and D. E. Jacob (2011), Coralline algal growth-increment widths
archive North Atlantic climate variability, Palaeogeogr. Palaeoclimatol. Palaeoecol., 302(1-2), 71–80, doi:10.1016/j.palaeo.2010.04.009.
Hetzinger, S., M. Pfeiffer, W. C. Dullo, N. Keenlyside, M. Latif, and J. Zinke (2008), Caribbean coral tracks Atlantic Multidecadal Oscillation and
past hurricane activity, Geology, 36(1), 11–14, doi:10.1016/j.palaeo.2010.06.019.
Hetzinger, S., J. Halfar, J. V. Mecking, N. S. Keenlyside, A. Kronz, R. S. Steneck, W. Adey, and P. A. Lebednik (2012), Marine proxy evidence
linking decadal North Paciﬁc and Atlantic climate, Clim. Dyn., 39(6), 1447–1455, doi:10.1007/s00382-011-1229-4.
Jones, P. D., T. J. Osborn, and K. R. Briffa (2001), The evolution of climate over the last millennium, Science, 292(5517), 662–667,
doi:10.1126/science.1059126.
Kilbourne, K. H., T. M. Quinn, R. Webb, T. Guilderson, J. Nyberg, and A. Winter (2008), Paleoclimate proxy perspective on Caribbean climate since
the year 1751: Evidence of cooler temperatures and multidecadal variability, Paleoceanography, 23, PA3220, doi:10.1029/2008PA001598.
Kinnard, C., C. M. Zdanowicz, D. A. Fisher, E. Isaksson, A. Vernad, and L. G. Thompson (2011), Reconstructed changes in Arctic sea ice over the
past 1,450 years, Nature, 479, 509–512.
Knudsen, M. F., M. S. Seidenkrantz, B. H. Jacobsen, and A. Kuijpers (2011), Tracking the Atlantic Multidecadal Oscillation through the last 8,000
years, Nat. Commun., 2, 178, doi:10.1038/ncomms1186.
Mann, M. E., Z. H. Zhang, S. Rutherford, R. S. Bradley, M. K. Hughes, D. Shindell, C. Ammann, G. Faluvegi, and F. B. Ni (2009), Global signatures
and dynamical origins of the Little Ice Age and Medieval Climate Anomaly, Science, 326(5957), 1256–1260, doi:10.1126/science.1177303.
Medhaug, I., and T. Furevik (2011), North Atlantic 20th century multidecadal variability in coupled climate models: Sea surface temperature
and ocean overturning circulation, Ocean Sci., 7(3), 389–404, doi:10.5194/os-7-389-2011.
Miles, M. W., D. V. Divine, T. Furevik, E. Jansen, M. Moros, and A. E. J. Ogilvie (2014), A signal of persistent Atlantic multidecadal variability in
Arctic sea ice, Geophys. Res. Lett., 41, doi:10.1002/2013GL058084.
Rayner, N. A., D. E. Parker, E. B. Horton, C. K. Folland, L. V. Alexander, D. P. Rowell, E. C. Kent, and A. Kaplan (2003), Global analyses of sea
surface temperature, sea ice, and night marine air temperature since the late nineteenth century, J. Geophys. Res., 108(D14), 4407,
doi:10.1029/2002JD002670.
Saenger, C., A. L. Cohen, D. W. Oppo, R. B. Halley, and J. E. Carilli (2009), Surface-temperature trends and variability in the low-latitude North
Atlantic since 1552, Nat. Geosci., 2(7), 492–495, doi:10.1038/NGEO552.
Smith, T. M., and R. W. Reynolds (2003), Extended reconstruction of global sea surface temperatures based on COADS data (1854-1997),
J. Clim., 16(10), 1495–1510, doi:10.1175/1520-0442-16.10.1495.
Storch, H. V., and F. W. Zwiers (2002), Statistical Analysis in Climate Research, pp. 494 , Cambridge Univ. Press, Cambridge.
Sutton, R. T., and D. L. R. Hodson (2005), Atlantic Ocean forcing of North American and European summer climate, Science, 309(5731),
115–118, doi:10.1126/science.1109496.
Swart, P. K., R. E. Dodge, and H. J. Hudson (1996), A 240-year stable oxygen and carbon isotopic record in a coral from South Florida:
Implications for the prediction of precipitation in Southern Florida, Palaios, 11(4), 362–375.
Vásquez-Bedoya, L. F., A. L. Cohen, D. W. Oppo, and P. Blanchon (2012), Corals record persistent multidecadal SST variability in the Atlantic
Warm Pool since 1775 AD, Paleoceanography, 27, PA3231, doi:10.1029/2012PA002313.
Acknowledgments
The Research Council of Norway has
supported this study through the
IndiaClim project (no. 216554). N. K. and
S. H. acknowledge support from
Deutscher Akademischer
Austauschdienst (DAAD). The research
was also supported by the EUFP7/2007–
2013 under grant agreement no.
603521, project PREFACE. We also thank
the NOAA Paleoclimatology database
(http://www.ncdc.noaa.gov/data-
access/paleoclimatology-data/datasets)
and all researchers who contributed the
data.
The Editor thanks two anonymous
reviewers for their assistance in evalu-
ating this paper.
Geophysical Research Letters 10.1002/2013GL059076
SVENDSEN ET AL. ©2014. American Geophysical Union. All Rights Reserved. 1299
Wanamaker, A. D., S. Hetzinger, and J. Halfar (2011), Reconstructing mid- to high-latitude marine climate and ocean variability using bivalves,
coralline algae, and marine sediment cores from the Northern Hemisphere, Palaeogeogr. Palaeoclimatol. Palaeoecol., 302(1-2), 1–9,
doi:10.1016/j.palaeo.2010.12.024.
Wang, C. Z., S. F. Dong, A. T. Evan, G. R. Foltz, and S. K. Lee (2012), Multidecadal covariability of North Atlantic sea surface temperature, African
dust, Sahel rainfall, and Atlantic hurricanes, J. Clim., 25(15), 5404–5415, doi:10.1175/jcli-d-11-00413.1.
Wyatt, M. G., S. Kravtsov, and A. A. Tsonis (2012), Atlantic Multidecadal Oscillation and Northern Hemisphere’s climate variability, Clim. Dyn.,
38(5-6), 929–949, doi:10.1007/s00382-011-1071-8.
Zhang, R., and T. L. Delworth (2006), Impact of Atlantic multidecadal oscillations on India/Sahel rainfall and Atlantic hurricanes, Geophys. Res.
Lett., 33, L17712, doi:10.1029/2006GL026267.
Geophysical Research Letters 10.1002/2013GL059076
SVENDSEN ET AL. ©2014. American Geophysical Union. All Rights Reserved. 1300
